Statement: We have established and validated transgenic zebrafish reporter lines to 13 quantitatively measure the ATF6 branch of the endoplasmic reticulum stress pathway in 14 development and disease. 15 16 Abstract 17
Introduction
current study, this consensus sequence was used to build a reporter for examining ATF6 67 activation in vivo, which has not been previously monitored. 68
Recently, ATF6 has been implicated in development of multiple tissue types, and 69 dysregulation of ATF6 expression is related to disease (Hillary and FitzGerald, 2018) . ATF6 activity in vivo for any animal model. To address this unmet need, we created a zebrafish 96 reporter based on a previously identified ATF6 consensus site (Wang et al., 2000) to drive either eGFP or destabilized eGFP, enabling dynamic study of ATF6 activity during development and 98 disease in vivo. ATF6 was activated in multiple tissues throughout development, can be induced 99 by ER stress, and is upregulated in zebrafish disease models of cone dystrophy and ALS. 100
Together, our data show that the ATF6 reporter is a useful tool for monitoring ATF6 activity in 101 real time and could be used in combination with other reporters to investigate the complicated 102 nature of UPR signaling in development and disease progression. skeletal muscle. 5XATF6RE:d2GFP expression was more dynamic, consistent with a higher turn-118 over rate through proteasomal targeting by a PEST domain. Skeletal muscle expression was 119 highest at 1 day post fertilization (dpf) and decreased over time, whereas lens expression stayed 120 relatively consistent with age. Furthermore, dynamic expression was also observed in the caudal 121 and pectoral fins, gills, and brain through development ( Fig. 1B) . Interestingly, maternally 122 inherited 5XATF6RE derived eGFP protein resulted in ubiquitous fluorescence throughout 123 embryonic development (Fig. 2) . The destabilized transgenic version, 5XATF6RE:d2GFP, did 124 not show this maternal effect, suggesting the main source of fluorescence with the stable eGFP 125 version is due to protein inheritance and perdurance, and not significant mRNA translation prior 126 to zygotic expression. Because of the higher baseline fluorescence in embryos derived from 127 maternal transgenes, paternally-provided transgenic embryos were analyzed in subsequent 128
experiments. 129
To quantitatively analyze ATF6 reporter expression, the number of active transgene 130 inserts was investigated. F1 zebrafish were outcrossed, and the number of F2 embryos with 131 reporter expression were counted. With one copy of active transgene, approximately 50% of F2 132 embryos are expected to have reporter expression, which was observed in 5XATF6RE:d2GFP 133 and 5XATF6RE:eGFP F2 embryos ( Fig. S1A ). Additionally, the lens expression at 2dpf was 134 consistent between sibling embryos, demonstrating that endogenous expression of the transgene 135 can be used for quantitative analysis ( mCherry colocalized with 5xATF6RE:d2GFP significantly more than mCherry-only expressing 150 control cells (p=0.0005; Fig. S3 ). As 40% of d2GFP (ATF6 responsive cells) did not colocalize 151 with mCherry (cells expressing caATF6), and 60% of mCherry-positive cells did not express 152 detectible d2GFP, there is evidence for non-autonomous expression and non-responsive cells, 153 respectively ( Fig. S3 ). While ATF6 non-autonomy has not been previously described, Xbp1s has 154 been shown to activate UPR in adjacent cells (Taylor et al., 2013; Williams et al., 2014) . 155
To further explore reporter specificity, we conducted loss of Atf6 function experiments. 156
Two approaches were employed: Atf6 protein levels were diminished using an atf6 translation 157 blocking morpholino (Cingarolu et al., 2011), while Atf6 activity was inhibited by expression of a dominant negative ATF6 (dnATF6). Using these reagents, we tested whether 159 5XATF6RE:d2GFP expression could be blocked following induction by tunicamycin. 160
Tunicamycin inhibits N-linked glycosylation at the ER and is commonly used to induce UPR 161 (Wang et al., 2000) . We found injection of atf6 morpholino significantly blocked tunicamycin 162 induced 5XATF6RE:eGFP expression (p=0.0150, Fig. 4A ). Heat shock induced expression of 163 dnATF6 was variable, but the highest levels of dnATF6, as measured by mCherry intensity, 164 completely negated 5XATF6RE:d2GFP expression caused by tunicamycin treatment, resulting in 165 a significant inverse correlation between dose of the dnATF6 and activation of the reporter 166 (R 2 =0.4712, p=0.0284; Fig. 4B ). Cumulatively, these gain and loss of function experiments 167 indicate that ATF6 reporter activity is specific for ATF6, and not responsive to other UPR 168 pathways. 169
Monitoring ATF6 reporter expression after induction of ER stress 170
The specific mechanism for how UPR is activated often results in differential pathway Tunicamycin, as noted previously, did induce reporter expression in a wide-spread manner, with 183 peak levels at 48 hours post treatment (hpt). Thapsigargin is an inhibitor of the ER Ca2+ 184 ATPase, resulting in calcium efflux and dysfunction of the organelle. Thapsigargin induced 185 expression of 5XATF6RE:d2GFP peaked 8 hours post treatment and subsequently decreased by 186 24 hpt ( Fig. 5A ). Brefeldin A inhibits vesicle formation at the Golgi and ultimately results in 187 fusion of Golgi and ER membranes, leading to ER stress. Brefeldin A induced expression of 188 5XATF6RE:d2GFP primarily in the yolk and gills, with a peak at 24 hpt ( Fig. 5A ). To further analyze differential ATF6 activation in response to ER stressors, we more closely inspected 190 spinal cord neurons ( Fig. 5B ). Treatment with Tunicamycin or Brefeldin A, but neither DMSO 191 nor DTT, activated the ATF6 reporter in a distinct subset of cells. Together, this analysis shows 192 that the ATF6 activity reporters respond to a variety of ER stressors but suggests that distinct 193 mechanisms of ER insult results in differential response kinetics and tissue sensitivities. Like 194 5XATF6RE:d2GFP, 5XATF6RE:eGFP expression levels were also elevated after treatment with 195 Tunicamycin, Thapsigargin, and Brefeldin A, but not DTT or DMSO (Fig. S4) . 196 In addition to chemical stress, heat stress can also be used to alter proteostasis ( This result suggests an important protective effect of ATF6 in these photoreceptor cells. 212
Therefore, we hypothesized that ATF6 signaling is responsive to misfolded proteins that 213 accumulate at the ER in photoreceptors. When a mis-folding prone mutant cone opsin 214 (OPN1MW W177R ), which is retained in the ER (Gardner et al., 2010), was expressed in cone 215 photoreceptors, there was a dramatic increase in ATF6 reporter expression ( Fig. 7A ). These 216 findings support previous work that ATF6 signaling is important for photoreceptor homeostasis 217 and demonstrate the utility of the ATF6 activity reporters in studying neurodegenerative disease. One unexpected observation from our experiments was that, in addition to autonomous 287 activation of the ATF6 activity reporter (5XATF6RE:d2GFP) by expressing ATF6 protein 288 (caATF6-2A-mCherry), there was also non-autonomous reporter response. Cells proximal to 289 those expressing constitutively activated ATF6 were often marked by high d2GFP expression 290 without detectible caATF6-2A-mCherry expression. We performed a time-course of d2GFP 291 expression at 3, 6, 9, and 12 hours following induction of caATF6-2A-mCherry, but never 292 measured complete overlap in expression of mCherry and d2GFP, suggesting that the non-293 autonomy is not due to differential fluorescence turnover of either marker gene (data not shown). 294
These findings are interesting in the context of work in C. elegans demonstrating that ER stress 295 within neurons triggers autonomous xbp1 activation that results in release of small clear vesicles. provides a sophisticated platform for such assays. In addition to screens, the reporter lines will 308 facilitate analysis of cells actively responding to ER stress. For example, by sorting cells based 309 on their fluorescence, transcriptomics, metabolomics or proteomics could reveal susceptible cell 310 types and cell states. In addition, such analysis might also reveal other pathways co-activated / 311 inhibited with ATF6 induction. These and certainly other studies will shed more light on the 312 mechanism and potential modulation of ATF6 signaling. Table S1 . Overexpression experiments using each 336 plasmid was accomplished via the GAL4/UAS system (Scheer and Campos-Ortega, 1999) using 337 hsp70:GAL4 expressing zebrafish for inducible, ubiquitous expression after heat shock at 39°C 338 for 1 hour. For experiments, embryos were injected at the 1-4 cell stage with 9.2 nl of working 339 solution containing 10ng/ul construct and 5ng/ul transposase. To construct the OPN1MW W177R 340 plasmid, the OPN1MW W177R sequence was PCR amplified, inserted into a middle entry vector, 341 and then added to a Tol2 destination vector downstream of a cone photoreceptor cell specific 342 promoter (gnat2) using the gateway system.
Transposase mRNA was injected with ATF6RE:eGFP or ATF6RE:d2GFP plasmid DNA 345 to generate F0 transgenic lines. F0 fish were analyzed to ensure consistent transgene expression 346 regardless of the integration site. F0 Injected fish were raised to adulthood and outcrossed to 347 wildtype zebrafish to establish F1 ATF6 reporter zebrafish with germline integration of the 348 transgene. F1 transgenic larvae were raised to adulthood and outcrossed to wildtype zebrafish for 349 expression analysis (Fig. S1 ). 
Image acquisition and analysis 363
For maternal contribution experiments, a Leica MZ FLIII epifluorescent 364 stereomicroscope was used for image acquisition. ATF6 reporter activity was observed with a 365 Nikon Eclipse E600FN confocal system (Nikon, Tokyo, Japan) using the Nikon EZ-C1 software 366 and a 10X air, .3NA or a 40X water, .8NA objective (Nikon Instruments). Reporter expression 367 was quantified using ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of Health, MD). 368
For tissue specific quantification, a region of interest (ROI) was drawn around the site of interest. 369 A maximum pixel intensity projection image from a z-stack containing the total fluorescence in 370 the ROI was analyzed for mean pixel intensity. For colocalization analysis Imaris 3D coloc 371 software was used (BitPlane). 372
Statistical analysis 373
Mean pixel intensity measurements of reporter expression were processed using 374 Jolla, CA). An unpaired, two-tailed t test was used to analyze graphs with two groups. For three 376 or more groups, a one-way ANOVA was conducted with Dunnett's post-hoc analysis for pair-377 wise comparisons. were injected with an mCherry tagged UAS construct to overexpress caATF6 compared to 709 injection control (Inj. Ctrl.) embryos injected with all components except overexpression 710 constructs. 2dpf embryos were heat shocked and confocal images were captured 12 hours later. 711
Quantification (dotted line) revealed a significant increase in 5XATF6RE:eGFP expression with 712 overexpression of caATF6 compared to the injection control (p=0.0071). ** p≤0.01; unpaired t-713
test. 714 715 716 Figure S3 . Autonomous reporter activation by constitutive active ATF6. Embryos 717 expressing hsp70:GAL4 and 5XATF6RE:d2GFP transgenes were injected with an mCherry 718 tagged UAS construct to overexpress caATF6 or a UAS construct with mCherry expression alone 719 as a control. 2dpf embryos were heat shocked and confocal images zoomed on the jaw region 720
where reporter expression was highest were captured 12 hours later. Quantification revealed that 721 compared to mCherry expression alone, caATF6-2A-mCherry has significantly higher 722 autonomous expression (p=.0005; arrowheads) and significantly lower non-autonomous 723 expression (p=0.0177; arrow) and non-responsive expression. (p<0.0001; asterisk). * p≤0.05; 724 ***p≤0.001; ****p≤0.0001; unpaired t-test. 725 726 727 were treated with ER stressors at 1dpf. Quantification (dotted line) revealed that 729 5XATF6RE:eGFP expression was significantly higher at 4hpt with Thapsigargin (p=0.0012) 730 treatment, 24hpt with Brefeldin A (p=0.0008) treatment, and 48hpt with Tunicamycin 731 (p=0.0054) and Brefeldin A (p=0.0010) treatment. ** p≤0.01; *** p≤0.001; unpaired one-way 732 ANOVA with Dunnett's post-hoc test with respect to DMSO control group. 733 Adgene plasmid 63680, pCMV5-Flag-XBP1s
Tol2-UAS: XBP1s-2amcherry
